Is the pitch of voice lowered a) by the active contraction of some laryngeal muscles, b) by the relaxation of those muscles that raise pitch, or c) by both mechanisms? Evidence will be presented which supports (c). Specifically, electromyographic recordings point to the sternohyoid muscles' participation in pitch lowering, independent of their activity in other speech gestures, e.g., jaw opening. Further, there is evidence of a probable causal correlation between larynx height and pitch of voice (which accounts for the sternohyoids' activity in pitch lowering).
The elevation of the fundamental frequency or pitch of voice is known to be accompanied by contraction of the cricothyroid muscle assisted by the vocalis, the lateral cricoarytenoid, and so on. But how is pitch lowered? There are two possibilities: either the muscles that raise pitch are relaxed, or there exists a certain muscle or set of muscles which by contracting actively lower pitch. Previous electromyographic evidence, such as that shown in figure 1, gave evidence that when pitch is lowered the level of activity of the cricothyroid decreases. This figure shows the activity of the cricothyroid and sternohyoid muscles during the utterance by me of the phrase "Bev bombed Bob." Fundamental frequency is shown at the top. The cricothyroid of course shows increased activity at high pitch and decreased activity at low pitch. However there is also increased activity of the sternohyoid during lowered pitch. This led us (Fromkin and Ohala 1968 , Ohala, Hirano, and Vennard 1968 , Hirano and Ohala 1969 , Ohala 1970 to conclude that the sternohyoids (and perhaps other muscles) actively participate in lowering pitch. Also it is clear that there is for all speakers a certain middle pitch level which can be maintained without contraction of the cricothyroid and yet pitch can be lowered below that level. This also argues for the existence of an active pitch lowering mechanism. However it was shown later that the sternohyoid is also active for certain segmental speech gestures such as Jaw lowering, and tongue retraction (Ohala and Hirose 1969) . This apparently led some writers to conclude that the claim that the sternohyoid participates in pitch-lowering could be dismissed or at least ignored (Lieberman et al. 1970 ). However it is not difficult to demonstrate that the sternohyoid can participate in more than one speech gesture. Figure 2 shows the activity of this muscle in one subject during simple jaw opening without any accompanying voice or other change in the speech articulators. At top is prolonged jaw opening; at bottom repeated Jaw opening and closing. When the Jaw is opened or kept open, the sternohyoid is active. The probable reason for this can be seen from figure 3. On the left is shown how the chief jaw-opening muscle, the digastric, is attached at one end to the cestoid process, loops through a ligamental attachment on the hyoid bone and connects to the inside of the mandible at the other end. These structures are represented schematically on the right. Contraction of the digastric produces the force AC which results in the vector force AD which pulls the jaw down. However contracting the digastric also produces the force IJ which tends to raise the hyoid bone. This would tend to reduce the vector force AD. To counteract hyoid bone elevation, the sternohyoid must contract to produce the force IL which opposes IJ. In figure 5 is shown the activity of the sternohyoid when both pitch and jaw position are varied. Jaw opening on a low-pitched syllable involves considerably greater muscle activity than jaw opening on a high-pitched syllable. Still we might think that the involvement of the sternohyoid in pitch lowering is only coincidental and casual unless we can show why this muscle should be active for this gesture. It seems obvious that it must have something to do with the fact that the larynx and hyoid bone height correlates quite well with pitch. The literature has been full for several centuries with this qualitative observation. An analysis of some of the quantitative observations of this relation reveals a remarkably lawful covariation between the two. Figures 6 to 10 show the correlation between either larynx or hyoid bone elevation (or both) and fundamental frequency. They were obtained by plotting published numerical data or by plotting new measurements made on published raw data. They all show rather convincingly that the elevation of the larynx-hyoid bone complex is proportional to the log of the fundamental frequency-or if one prefers, one could say it varies inversely and linearly with the pitch period. Figure 6 presents graphically the correlation between hyoid bone elevation and fundamental frequency from data published by Perkell (1969) .
1 This plots 4 of the 13 utterances Perkell provides data for. On the left are the two utterances showing the best correlation between these two parameters; on the right are the two showing the worst correlation; all other cases are intermediate in their degree of correlation. As expected there are some perturbations of hyoid bone elevation due to segmental environment but the correlations with F0 clearly overrides this. Amenomori (1960) . It shows, again, that although there is some effect of the vowel articulation on hyoid bone elevation, the correlation with pitch is much larger.
Fig. 7 Figure 8 shows measurements obtained from raw data published by Inoue (1931) who transduced larynx height by an ingenious mechanical device. He did not provide a separate record of F0 but since the vertical larynx displacement was shown for two Japanese songs whose melodies are known, information on the pitch associated with a given larynx height could be deduced. Fig. 8 . Figure 9 shows data measured from graphical traces of larynx height and F0 published by Vanderslice (1967) . This evidence suggests that the relation between the elevation of the larynx-hyoid bone complex and fundamental frequency is not casual but causal and that the sternohyoid (no doubt along with other muscles) helps control this elevation.
There are various theories regarding how larynx height affects pitch. I can't review them all here but I think circumstantial evidence rules out some of them. For example some have proposed that the larynx is elevated to assist in the lengthening and anterior-posterior tensing of the vocal cords. However, lateral x-rays published by Arnold (1961) (figure 11) reveal that a patient with bilateral paralysis of the cricothyroid muscles was still able to change pitch from 110 to 164 Hz apparently by raising the larynx although the width of the cricothyroid space remained unchanged. This suggests the pitch changing effect of larynx displacement is independent of that due to changes in the anterior-posterior tension. Others have suggested that the vocal cords are anchored more securely to the esophageal apparatus, that is, in the posterior region, than they are in the anterior region. Elevation of the larynx, then, would have the effect of stretching the vocal cords. But this would also predict that upon elevation the vocal cords would tend to slant downward in the anterior to posterior direction. Published lateral x-rays reveal no such slant. I think it is reasonable to conclude that vertical displacement of the larynx affects pitch by changing the vertical tension in the vocal cords. That is, that elevation of the larynx causes increased tension in the vocal cords since the trachea pulls down on the tissue whereas depression of the larynx causes less tension and more flabbiness in the vocal cords since the laryngeal tissues are being compressed.
Tomograms published by Arnold (figure 12) tend to give circumstantial support to this. As pitch is raised the laryngeal ventricles open up, that is, the separation between the ventricular folds and the vocal cords increases, suggesting greater vertical "pull" in the tissue. This also ties in nicely with the common observation of generally higher pitch being associated with high vowels such as /i/ and /u/ vs. lower pitch for low vowels such as /a/. Tomographic investigations of van den Berg (1955) and Shimizu (1960) accordingly reveal a wider laryngeal ventricle for high vowels as opposed to low vowels.
To sum up: although the text books emphasize that pitch is adjusted mainly by controlling the anterior-posterior tension of the vocal cords, consideration ought to be given to the effect on pitch of tension changes in the vertical direction.
